Abstract Gastric cancer (GC) is one of the most frequent malignant tumors. In order to systematically characterize the cellular and molecular mechanisms of intestinal GC development, in this study, we used 22 K oligonucleotide microarrays and bioinformatics analysis to evaluate the gene expression profiles of GC in 45 tissue samples, including 20 intestinal GC tissue samples,
Introduction
Gastric cancer (GC) is one of the most common malignant tumors. It is estimated that one million new cases are reported worldwide each year [1] , with around two-thirds of GC occurring in developing countries. Although considerable effort has been directed toward the development of surgical and chemotherapeutic interventions, the prognosis for patients with advanced stages of GC remains poor. Thus, a major challenge toward assessing and, perhaps, improving the clinical outcome of the treatment of GC patients is to better understand the molecular basis of the disease and its development, i.e., the key changes of gene expression patterns in gastric tumorigenesis. The relationship between specific gene expression patterns and certain properties of GC have been previously described, including resistance to chemotherapeutics [2] , metastatic potential [3, 4] and prognosis following a particular treatment [5, 6] . However, to understand the underlying mechanisms of gastric tumorigenesis, it is essential to characterize the biological processes that initiate the development of GC and its subsequent progression, especially, to document the gene expression pattern from a high-risk population of GC. In this study, we have characterized the transcriptional profiles of GC in Chinese patients by using 22 K oligonucleotide microarrays and have identified differentially-expressed genes (DEGs) within GC, GC adjacent and normal tissues. These expression patterns were further examined by identifying molecular pathways associated with GC development.
Results

Genes differentially expressed between intestinal GC and normal gastric mucosa tissues
To understand the expression profile of intestinal GC, we collected 45 tissue samples, including 20 intestinal GC tissue samples, 20 normal appearing tissues (NATs) adjacent to tumors and five noncancerous gastric mucosa tissue samples, and performed microarray study to evaluate the gene expression profile. After normalization, a Bayesian analysis of gene expression level (BAGEL) was used to characterize differential gene expression between intestinal GC tissue samples and noncancerous gastric mucosa tissue samples with a significance cutoff of P < 0.001. A total of 1519 genes were recognized to be differentially expressed in intestinal GC when compared to normal gastric mucosa tissue ( Figure S1 ). These included 593 upregulated and 926 downregulated genes. Hierarchical clustering of these DEGs demonstrated a dramatic variation in gene expression in tumors compared with normal gastric mucosa tissue. Tables S1 and S2 list P value, fold change and name of each DEG. Among these DEGs, 11 and 29 genes were upregulated and downregulated with fold change >10, respectively. The annotation analysis from GoMiner indicated that some of these genes were related with gastric physiological function, such as ATPase, somatostatin and gastrin.
Prediction of tumor-specific biological characteristics associated with DEGs in intestinal GC
Based on gene expression profile of GC, we were able to identify tumor-specific biological characteristics that correlate with DEGs. Using currently available chip annotation tools, including DAVID, SOURCE and the high-throughput GoMiner, we obtained the functional description, classification and location of the DEGs. Annotation results showed that these 1183 DEGs were known genes associated with a diverse set of biological pathways and functions in both celland organ-specific physiological processes ( Table 1) .
Prediction of tumor-specific pathways associated with gene expression profiling in intestinal GC
Signal transduction pathways associated with gene expression changes were analyzed and defined using the bioresource for array genes (BioRag, www.biorag.org). A total of 143 signal transduction pathways contained genes that were differentially expressed. Among them, 14 pathways showed altered expression of at least three up-regulated genes within each ( Table 2) . These pathways include the MAPK signaling pathway, inflammatory response pathway, TGF-b pathway and pathways associated with extracellular matrix synthesis and regulation of gluconeogenesis. Six pathways were changed with at least three downregulated genes ( Table 3) .
Genes differentially expressed between NATs and normal gastric mucosa tissues
Although NATs appear morphologically normal, Figure S2 demonstrated that the gene expression pattern of these tissues is very different from that of normal gastric mucosa tissues. A total of 1255 DEGs, including 561 upregulated and 694 downregulated genes, were identified with a P < 0.001 significance cutoff. The detailed information describing the upregulated and downregulated genes is presented in Table S3 and  Table S4 .
Comparison of gene expression patterns between GC tumors and NATs
The number of DEGs in GC and NATs is shown and clustered according to different fold changes in Figure 1 . Our data above indicated that we identified 1519 and 1255 DEGs for GC tumors (vs. normal) and NATs (vs. normal), respectively. Among these DEGs, 550 genes were shared between GC tumors (vs. normal) and NATs (vs. normal), including 169 upregulated and 381 downregulated genes ( Figure S3 , Figure 2 ). The annotation results showed that these genes are involved in a number of different pathways and processes, such as amino acid glycosylation, biopolymer glycosylation and glycoprotein biosynthesis. Among the different genes between NATs and GC, nine genes were reversely expressed in two groups (Table 4) , including ATP4B, ATP4A, CCKBR, KCNJ16, SIAT1, DUOX1, WDR37 and APOBEC2.
Characterization of the altered expression of genes associated with mucosal barrier function and secretion of GC tissues and NATs Disruption of the mucosal barrier is associated with some primary gastric disorders [7] . Therefore, we analyzed the expression of all mucosal barrier-related genes. As a result, we identified 18 candidates that were differentially expressed, including 6 genes that were downregulated in NATs ( Table 5 ) and 12 genes that were dramatically downregulated in GC tissues ( Table 6 ). This result indicated that both NATs and GC tissues lose some normal physiological functions, with the alteration in the expression of barrier function-related genes being more frequent in NATs, followed by the alteration in the expression of secretion-related genes in the GC tissues.
A tumorigenic model based on selected genes and their networks in GC
In this study, we integrated the inference of gene expression profile with the known clinical features of stomach cancer over time to predict cancer progression ( Figure 3) . The information we could infer from the gene expression profiles in this study is listed below. 
Discussion
A key goal of cancer studies is to systematically characterize the cellular and molecular mechanisms involved in disease progression, and consequently, to identify potential biomarkers for predicting the prognosis of patients [10] . Genomic and proteomic studies on GCs have predominantly been reported from the Western countries and Japan [11] [12] [13] ; only a few studies on GC have been reported from China [14, 15] . Molecular pathology of GC may vary among populations, which is likely due to differential exposure to disease risk factors including diet, Helicobacter pylori variants, smoking, alcohol consumption and other underlying medical conditions. In this study, our objective was to establish a comprehensive gene expression profile for GC in Chinese patients, a known high-risk population, and to investigate the mechanisms underlying GC carcinogenesis. In this study, we performed a 22 K oligonucleotide microarray analysis on 20 intestinal GC tissue samples and 20 NATs adjacent to tumors of intestinal GC in comparison with the five normal samples, respectively. Gene expression profiles were generated for samples from intestinal GC, NATs and normal tissues. Following a systemic analysis, we integrated the gene expression patterns, functional annotations and clinical characteristics that were associated with GC. Furthermore, we identified the expression profiles of genes involved in functional pathways associated with gastric mucosal barrier function and gastric secretion. Altogether, our data provided insights into gastric carcinogenesis and proposed new leads toward the discovery of possible biomarkers for the early diagnosis of GC.
Our study has generated comprehensive gene expression profiles of GC. Our data showed that a number of DEGs may be important in the development of intestinal GC. We found that nine genes were reversely expressed between NATs and GC, including ATP4B, ATP4A, CCKBR, KCNJ16, SIAT1, DUOX1, WDR37 and APOBEC2. These genes were involved in oxidative phosphorylation, N-glycan biosynthesis, atrazine degradation and glycan structures biosynthesis. This result provides some new clues to explore the mechanisms of GC development.
To our knowledge, this report, for the first time, comprehensively described the alterations in the gene expression patterns of NATs and intestinal GC tumors compared to normal tissues. DEGs shared by GC tumors (vs. normal tissues) and NATs (vs. normal tissues) might be essential for tumorigenesis. These differences may reflect the significant roles of tissue architecture and remodeling that occurs during GC development. Similarly, we have also identified a group of DEGs, including EGR1, CYR61 and ADAMTS1, which are differentially expressed between intestinal metaplasia/dysplasia and normal mucosa [16] . However, the dramatic changes in extracellular matrix and cellular communication pathways that were noticed in tumor tissues were rarely observed in NATs. These data suggest that tissue remodeling may be essential for tumor development, possibly by maintaining the environment around the tumor cells and supporting cellular survival.
Importantly, we have also identified distinct gene expression patterns related to abnormal physiological functions of the gastric mucosa, including gastric barrier and secretion. The gastrointestinal barrier has two components, the intrinsic and extrinsic barriers [17] . The intrinsic barrier is composed of epithelial cells lining the digestive tract and the tight junctions that tie them together. The extrinsic barrier comprises secretions and other factors that are not physically part of the epithelium, but affect the epithelial cells and maintain their barrier function, such as mucus, trefoil proteins and defensins. Our data show that normal gastric physiological functions are lost in both the gastric tumor and NATs. In NATs, genes related to barrier function are almost all downregulated; while in the GC samples, mainly the secretion-related genes are downregulated. Alterations in gene expression in NATs indicate that lesions of the gastric mucosal barrier might aggravate the mucosal damage insulted by various cancer-related risk factors.
A tumorigenic model was created to depict GC development and progression. At the initial stage, dysfunction of the mucosal barrier appears to occur as an early event. Then, metabolic abnormalities occur following excessive DNA replication, which would result in genomic instabilities. Finally, abnormalities that are related to cell proliferation, as well as tissue architecture, remodeling, differentiation and development emerge as the cancer progresses. In future study, we will collect pre-cancer and gastric cancer samples for gene expression analysis to examine this model.
Materials and methods
Specimens and RNA isolation
All specimens were obtained with the written consent of the patients and were histologically graded, according to the guidelines put forth by the Union for International Cancer Control (UICC). The study was approved by the Committee on Human Studies, School of Oncology, Peking University. Specimens of GC (verified by histopathology) were obtained from the Tissue Bank of Peking University, School of Oncology. We selected 20 intestinal GC tissue samples, 20 tumor-adjacent NAT samples, and 5 normal gastric mucosa tissue samples for microarray experiments. RNA was extracted with TRIzol reagent (Life Technologies, Inc., Gaithersburg, MD) and was further purified using a Nucleospin RNA Clean-up Kit (Clontech Laboratories, Inc., Mountain View, CA), according to the manufacturer's instructions. The RNA quality was assessed by formaldehyde agarose gel electrophoresis and was quantitated spectrophotometrically.
Microarray fabrication
The human genome oligonucleotide microarray was prepared in CapitalBio Corporation (Beijing, China). A Human Genome Oligo Set Version 2.1, consisting of approximately 22,000 human genes, was purchased from Qiagen Operon (Germantown, MD, USA). As external controls, an additional eight oligonucleotides that recognize yeast intergenic sequences were included together with the internal controls provided by the manufacturer. All nucleotides were dissolved in 50% DMSO to obtain a final concentration of 40 lM and were printed on in-house manufactured aminosilanated glass slides. Arrays were fabricated using a SmartArrayTM microarrayer (CapitalBio Corp., Beijing, China). After printing, the slides were baked at 80°C for 1 h and stored dry at room temperature until use. Prior to hybridization, the slides were rehydrated at 65°C for 10 s, snap dried on a 100°C heating block for 5 s, and UV cross-linked at 250 mJ/cm 2 . Unbound oligonucleotides were washed off with 0.5% SDS for 15 min at room temperature, and SDS was removed by dipping the slides in anhydrous ethanol for 30 s. The slides were spin-dried at 1000 rpm for 2 min.
Probe labeling, hybridization, image analysis and normalization
The microarray experimental procedures were described in the previous published paper [18] . DNA in hybridization solution was denatured at 95°C for 3 min prior to loading on to the microarray. The array was hybridized at 42°C overnight. After hybridization, microarrays were rinsed consecutively with two types of washing solutions (with one solution containing 0.2% SDS and 2 · SSC at 42°C for 5 min and with another solution containing 0.2% SSC at room temperature for 5 min). Arrays were scanned with a confocal LuxScan scanner (CapitalBio Corporation) and resulting images were analyzed with Spot Data software (CapitalBio Corporation), using a space-and intensity-dependent normalization of fluorescence, based on a locally-weighted scatterplot smoothing (LOWESS) algorithm [19] .
Statistics, annotation, relative gene expression and biological pathway analyses
Relative gene expression levels were determined using a Bayesian method (Bayesian analysis of gene expression levels, BAGEL) [20] from the normalized ratio data. This approach estimates the relative expression level for each gene based on the fluorescence ratio of Cy5/Cy3 fluorophores. For all comparisons, unless otherwise stated, difference was considered to be significant at P < 0.001. DEGs were identified with non-overlapping 95% confidence intervals from the Bayesian analysis. The fold change criteria were identified as mentioned in our previous report [21] . BAGEL has the advantage of detecting small yet statistically significant differences, which might be of biological significance. Hierarchical clustering of DEGs, as determined by BAGEL, was performed with Cluster [22, 23] and Genesis [23] , using the average linkage algorithm. Gene annotation in terms of the associated pathways was performed using DAVID [24] , SOURCE [25] and GoMiner [26] . Signal transduction pathways were analyzed by BioRag [27] . Biological signature analysis was performed to correlate gene expression patterns with clinical characteristics, including age, gender, pathology, differentiation, lymph node metastasis and survival time, which were commonly used to predict clinical outcomes and prognosis.
